ABSTRACT: We examined the phylogeography of the common Japanese intertidal goby Chaenogobius annularis using the mitochondrial cytochrome b gene, the NADH dehydrogenase subunit 2 gene, and the surrounding transfer RNA from 195 specimens collected in 27 localities around the Japanese Archipelago and the Korean Peninsula, and reconstructed the historical processes of its current distribution. In total, 169 unique haplotypes were obtained, and phylogenetic trees showed 2 genetically distinct lineages: the Pacific Ocean and the Sea of Japan lineages, whose divergence was estimated to have occurred in the early Pleistocene, related to the paleoenvironmental history of the Sea of Japan. After the divergence, the Sea of Japan lineage rapidly attained its current distribution, whereas the present-day distribution of the Pacific Ocean lineage was formed as a result of vicariance and dispersal.
INTRODUCTION
In the marine realm, evidence is accumulating that coastal marine species have been strongly affected by the Pleistocene glacial−interglacial cycles (Maggs et al. 2008) . For example, low sea levels during glacial maxima created land bridges that brought changes in ocean circulation patterns, which effectively divided marine populations (Avise 2000) . Reconstructing these histories is important for predicting the effects of future environmental changes on the distribution of coastal marine species (Pearson & Dawson 2003 , Pearson 2006 .
Paleontological and palynological records, as well as a large body of biogeographical data, indicate that many species have undergone dramatic latitudinal shifts in response to climatic change (Bennett et al. 1991 , Williams et al. 1998 . For organisms that lack a fossil record, genetic data also have been widely used to infer changes in the geographical distribution of species (Hewitt 1999 (Hewitt , 2001 ). In particular, many groups of marine organisms have left few or no fossil records, so genetic data have been particularly informative in reconstructing the history of marine species (Provan & Bennett 2008) . More recently, phylogeography based on molecular markers (Avise 2000) has provided new insights into the historical processes of species distribution during the Pleisto cene epoch (Dawson et al. 2001 , Hewitt 2004 , Ikeda & Setoguchi 2006 , Provan & Bennett 2008 .
Phylogeographic studies have been used to infer the impacts of past climatic changes and the following geomorphic changes on species distribution using the evolutionary rate of the species (e.g. Taberlet et al. 1998 , Dawson et al. 2001 , Brown & Stepien 2008 . Basically, the evolutionary rate is determined by calibrating differences in genes against an estimate of lineage divergence time or lineage expansion time, based on fossil (Watanabe et al. 2003) or paleobiogeographic data (Tringali et al. 1999 ). On the other hand, many studies have used 'universal' evolutionary rates that have been estimated for other related species. However, the use of a universal evolutionary rate without careful consideration could be problematic because the rate often varies among lineages, even closely related ones (Zhang & Ryder 1995) . It is therefore better to use the evolutionary rate of the species under study based on an appropriate calibration point, fossil, or precise time for geomorphic changes associated with the isolation of geological populations. As mentioned earlier, because many groups of marine organisms leave little or no fossil record (Provan & Bennett 2008) , knowledge of the time of geomorphic changes, which might have impacted the distribution of species, is valuable for evolutionary rate calibration.
Oscillatory changes in the marine environments around the Japanese Archipelago were remarkable during the Pleistocene, particularly in the Sea of Japan, located between Japan and the Asian continent. The Sea of Japan is a semi-enclosed sea connected to the Pacific Ocean and other seas through shallow and narrow straits with sill depths of <130 m. Today, the warm Tsushima Current flows into the Sea of Japan through the southern Tsushima Straits. However, the Sea of Japan was believed to be largely isolated from the surrounding seas during the multiple glacial periods commencing 2.5 million years ago (MYA; Tada 1994) . Several phylogeographic studies have indicated that these events led to the genetic divergence of Japanese coastal marine species between the Pacific Ocean and the Sea of Japan (Kojima et al. 1997 , 2004 , Akihito et al. 2008 , Kokita & Nohara 2011 . Therefore, the spatial patterns of genetic variation of these species are considered to reflect the paleoenvironmental history of the Sea of Japan, for which stratigraphy and chronology have been established independently for the fossiliferous strata (e.g. Oba et al. 1991 , Tada et al. 1999 , Gorbarenko & Southon 2000 . It has been suggested that inflow from the Tsushima Current occurred during each interglacial period following the middle Pleistocene (Kitamura et al. 2001 , Kitamura & Kimoto 2006 . If this is the case, we may elucidate the historical processes that have led to the current distribution of coastal marine species, which have Pacific Ocean and Sea of Japan lineages, by calibrating their evolutionary rates based on the well-dated paleoenvironmental events in the Sea of Japan.
Chaenogobius annularis is a common Japanese intertidal goby that is distributed throughout the rocky coastline of Japan (Hokkaido southward to Yakushima Island) and Korea (Akihito et al. 2002) .
Because its life history depends on coastal area environment (Nakamura 1936 , Sasaki & Hattori 1969 , as a coastal marine species having both Pacific Ocean and Sea of Japan lineages, the Pleistocene isolation events of the Sea of Japan might have resulted in genetic divergence within C. annularis. Moreover, we have detected substantial genetic differentiation between Pacific Ocean and Sea of Japan populations in this species by preliminary allozyme analysis (Hirase et al. 2012) . Therefore, we selected C. annularis as a model system, and attempted to elucidate its genetic divergence by mitochondrial DNA markers and reconstruct its history by calibrating its evolutionary rate based on Pleistocene isolation events of the Sea of Japan. We analyzed the phylogeography of C. annularis on the basis of the nucle otide sequences of part of the mitochondrial gene for cytochrome b (cyt b), NADH dehydrogenase subunit 2 (ND2), and the surrounding transfer RNA (tRNA), obtained from specimens collected in 27 localities that cover the distribution area of this species. Our aims were to (1) confirm the existence of discrete Pacific Ocean and Sea of Japan lineages; (2) determine the appropriate calibration point for the evolutionary rate by linking the divergence of these lineages to the paleoenvironmental history of the Sea of Japan; and (3) reconstruct the historical processes that may have led to the current distributions based on the calibrated evolutionary rate.
MATERIALS AND METHODS

Samples and DNA sequencing
Sampling localities are shown in Fig. 1 (see also Table 1 ). Samples of Chaenogobius annularis were collected by hand net from 25 localities on the Japanese coastline (totaling 181 specimens) and from 2 localities on the coastline of the Korean Peninsula (totaling 14 specimens) between 2006 and 2009. C. gulosus was collected at Misaki in Osaka Prefecture, Japan. Total genomic DNA was extracted from the fins of 195 samples, using a phenol/chloroform procedure (Asahida et al. 1996) . The DNA samples were stored at −30°C prior to polymerase chain reaction (PCR) analysis. We amplified the cyt b and ND2 genes and surrounding tRNA (Thr, Trp, Ala, Asn). Cyt b and tRNA-Thr were amplified using primers AJG15 and H5 (Akihito et al. 2000) ; ND2, tRNA-Trp, tRNA-Ala, and tRNA-Asn were amplified using primers ND2B-L (developed by T. Dowling) and H6219 (Yagishita & Nakabo 2003) . For amplification, the following reagents were added to each microtube: 1 µl of template DNA, 0.25 U of Blend Taq -Plus-(TOYOBO), 1 µl of buffer for Blend Taq -Plus-(10×), 1 µl of each deoxyribonucleoside triphosphate (2 mM), and 0.1 µl of each primer (25 µM). Enough sterile deionized H 2 O was added to each sample to obtain 10 µl. PCR conditions consisted of 30 cycles of denaturation at 94°C for 30 s (1 min for the first denaturation only), annealing at 50°C (cyt b + tRNA) or 59°C (ND2 + tRNA) for 30 s, and extension at 72°C for 1 min (5 min for the last extension only). The PCR products were purified by the ethanol/EDTA method following the Applied Biosystems (ABI) BigDye Terminator v3.1 Cycle Sequencing Kit Manual. PCR products were bidirectionally sequenced using the ABI BigDye Terminator Cycle Sequencing Kit v3.1 following the manufacturer's instructions and using the same primers used for the amplification. Reactions were purified by the ethanol/EDTA/sodium acetate method described in the above-mentioned manual and analyzed in an ABI 3130 capillary sequencer.
mtDNA analysis
The identities of sequences were confirmed by BLAST analysis (Altschul et al. 1997 ) searching of GenBank (http://blast.ncbi.nlm.nih.gov/) and by comparison with published sequences. Sequences were then aligned using CLUSTAL W (Thompson et al. 1994 ). Arlequin ver. 3.1 (Excoffier et al. 2005 ) was used to assign individuals to the unique haplotypes that were obtained in this study and were submitted to the DNA Data Bank of Japan (DDBJ; www.ddbj.nig.ac.jp). For the following analyses, except for the estimation of divergence time, concatenated sequences of cyt b + ND2 + tRNA were used. The mean base composition and ratios of variable:constant, and transitions:transversions, as well as haplotype diversity and nucleotide diversity were calculated using Arlequin ver. 3.1.
Phylogenetic analyses were carried out on unique haplotypes using the neighbor-joining (NJ) method in PAUP* 4.0b (Swofford 2002 ) and the maximum likelihood (ML) approach in PhyML (Guindon & Gascuel 2003; www. atgcmontpellier.fr/phyml/) . PAUP* 4.0b was run for 1000 bootstrap replicates using the ModelTest 3.06 parameters (Posada & Crandall 1998) : invariable sites (I) = 0.5487, model = GTR, and γ distribution (G) = estimated at 1.5004 (shape) and default setting with pairwise deletion of gap sites. PhyML was run for 300 bootstrap replicates using the ModelTest 3.06 parameters: number of substitution types (nst) = 6, I = 0.5487, transition:transversion ratio = estimated, model = GTR, and G = estimated at 1.5004 (shape) and default setting with pairwise deletion of gap sites. The best model was chosen using the Akaike Information Criterion (AIC; Akaike 1974). A congeneric goby, Chaenogobius gulo sus (DDBJ accession no.: AB684974 and AB685124; sequenced in this study), and a related non-congener, Gymnogobius petschiliensis (DDBJ accession no.: AY525784), were used as the outgroups.
The geographic structure of genetic variation was assessed using hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992) , by defining groups in accordance with the results of our phylogenetic analysis and subsequent spatial analysis of molecular variance (SAMOVA; Dupanloup et al. 2002 ). The significance was tested by 1000 permutations of the original data set. This analysis was performed by Arlequin ver. 3.1. SAMOVA, based on a simulated annealing procedure, was used to define subgroups in SAMOVA 1.0 (Dupanloup et al. 2002) . This analysis iteratively seeks the com position of a user-defined number of geographi- Table 1 for further details cal groups (K ) that maximizes the fixation index among groups (F CT ), run here with 100 simulated annealing processes for K = 2 to 4. Demographic histories of geographic groups and subgroups suggested by AMOVA and SAMOVA were inferred using the mismatch distribution analysis (Rogers & Harpending 1992) implemented in Arlequin ver. 3.1. Populations that experienced a recent bottleneck or sudden expansion are expected to exhibit unimodal distributions, while those at demographic equilibrium should exhibit bimodal or multimodal distributions. Therefore, under an assumption of selective neutrality, mismatch distributions can be used to infer historical periods of population growth and decline. We compared the observed frequency distribution of pairwise nucleotide difference with their expected distribution in a simulated population expansion. For these, goodness-of-fit was evaluated using estimates of the raggedness statistic and the sum of square deviations (SSD). In addition, to provide estimates of change in the effective population size (N e ), Tajima's D-test (Tajima 1989 ) was performed. These tests were compared to the empirical distribution expected under the neutral model as generated by 1000 simulated re-samplings.
We estimated the time of the most recent common ancestor (TMRCA, Rosenberg & Feldman 2002) between clades and within clades and subclades based on the construction of linearized trees assuming equal evolutionary rates in different lineages of the tree. In this regard, we described only the TMRCA between the Pacific Ocean and Sea of Japan lineages as 'divergence time.' For this estimation, cyt b and ND2 gene sequences, but not tRNA sequences, were evaluated independently. To create the linearized trees, we first conducted a 2-cluster test and a branch length test to evaluate the evolutionary rates using the software LINTRE (Takezaki et al. 1995) , using Tamura-Nei distances for the 125 (cyt b) or 145 (ND2) haplotypes observed in our samples. The tree topologies determined by the NJ method were employed for the test, and Gymnogobius petschiliensis and Chaenogobius gulosus were used as outgroups. Faster or more slowly evolving haplotypes were removed, and the procedure was repeated until the data set contained only sequences evolving at similar rates. We then calculated the height of the branch points of clades and subclades, defined as one-half the average of mean nucleotide differences between them. TMRCA was estimated by the ratio of height to the evolutionary rate. From the result of phylogeographic analysis, we posited that TMRCA for the Sea of Japan lineage corresponds to one of the times of maximum sea level during the interglacial period of the Pleistocene (i.e. 0.008, 0.14, 0.22, 0.32 MYA; following Fig. 3 of Kukla 2005) , and calibrated the evolutionary rate of C. annu laris. The reason for this assumption is described in the Discussion.
RESULTS
Genetic diversity
A total of 2339 to 2340 bases of mtDNA (cyt b: 1086 bp; ND2: 1033 bp; tRNA: 220−221 bp) was obtained from each of the 195 specimens of Chaeno gobius annularis. The mean percent base composition of the concatenated fragment was 27.30C: 31.94T:24.25A: 16.51G. It contained 428 poly morphic sites: 375 transitions, 104 transversions, and a single indel in tRNA-Tro, totaling 169 unique haplotypes (DDBJ accession number AB684846-AB684973, AB684975-AB685123). Haplotype diversity and nucleotide diversity of each locality are shown in Table 1 . The mean haplotype diversity (h; ± SD) and nucleotide diversity (π; ± SD) of all localities were 0.998 ± 0.008 and 4.3 ± 2.1%, respectively.
Phylogeographic analysis
Phylogenetic relationships among the 169 unique haplotypes were analyzed using NJ and ML methods. The NJ and ML trees with or without Gymnogobius petschiliensis were almost the same, so only the ML tree without G. petschiliensis is shown in Fig. 2 . All Chaenogobius annularis haplotypes were grouped into 2 genetically and geographically divergent clades, each supported by 97 to 100% bootstrap probability. One clade was distributed along the Pacific Ocean coast, and the other was distributed mainly along the Sea of Japan coast (Fig. 3) ; these are termed the Pacific Ocean and the Sea of Japan clades, which differ by an indel. Within the Pacific Ocean clade, all haplotypes except for Hap22 and Hap49 were divided into 5 geographical subclades (a, b, c, d, e) , and these subclades were supported by high bootstrap probability (82 to 100%; Fig. 2 ). In contrast, most Sea of Japan clade haplotypes were closely related, separated by narrow divergence, with no subclades (Fig. 2 ). There were no localities in which members of the 2 major clades occurred sympatrically.
AMOVA was performed first at the level of the 27 sampling localities (fixation index among localities [F ST ] = 0.922, p < 0.001); these were then divided into 2 groups (the Pacific Ocean and the Sea of Japan group), which distributed a significant portion of genetic variance (F CT = 0.893, p < 0.001) between them, as well as among sites within them ( Table 2) .
The genetic structure of each of the 2 clades was then analyzed separately. h and π of the Pacific Ocean group were 0.998 and 1.2%, respectively. AMOVA showed that significant genetic variance (F ST = 0.618, p < 0.001) was distributed among col lection localities in the Pacific Ocean (Table 2) . SAMOVA suggested that optimum partitioning was obtained when localities were divided into 3 subgroups (Fig. 3) since F CT reached a plateau at K = 3 and 1 or more groups contained a single locality for K ≥ 3, indicating loss of group structure. Significant genetic variance (F CT = 0.513, p < 0.001; Table 2) ( 18) H111 ( 18) H106 ( 17) H105 ( 17) H104 ( 17) H103 ( 17) H102 ( 17) H153 (24 ) H147 (24 ) H150 ( 24) H152 (24 ) H129 (21 ) H151 (24 ) H144 ( 23) H142 ( 23) H118 ( 19) H117 ( 19) H113 ( 19) H116 ( 19) H115 ( 19) H114 ( 19) H112 ( 18) H149 ( 24) H148 (24 ) H125 ( 21) H126 ( 21) H108 ( 18) H121 ( 20) H133 ( 22) H135 ( 22) H134 ( 22) H128 ( 21) H127 (21 ) H110 ( 18) H143 (23 ) H140 (23 ) H131 (22 ) H145 (23 ) H141 (23 ) H139 (23 ) H138 ( ( 20) H137 ( 22) H136 ( 22) H154 (25 ) H157 ( 25) H163 ( 26) H161 (26 ) H162 (26 ) H160 (25 ) H155 (25 ) H159 (25 ) H158 (25 ) H169 ( 27) H164 (27 ) H168 ( 27) H165 ( (15) H90 (14) H84 (12) H80 (12) H76 (11) H74 (11) H72 (11) H83 (12) H73 (11) H71 (11) H82 (12) H60 (9) H51 (8) H57 (8) H53 (8) H50 (8) H54 (8) H56 (8) H52 (8) H78 (12) H55 (8) H65 (10) H63 (10) H59 (9) H69 (11) H58 (9) H47 (7) H44 (7) H45 (7) H46 (7) H43 (7) H48 (7) H81 (12) H79 (12) H77 (12) H75 (11) H68 (10) H67 (10) H61 (10) H66 (10) H62 (10) H64 (10) H49 (7) H22 (4) H101 (16) H97 (16) H99 (16) H96 (16) H98 (16) H100 (16) H85 (13) H89 (14) H88 (14) H92 (14) H86 (14) H91 (14) H87 (14) H93 (15) H32 (5) H12 (2) H11 (2) H9 (2) H8 (2) H34 (5) H31 (5) H27 (5) H30 (5) H17 (3) H16 (3) H15 (3) H14 (3) H29 (5) H18 (3) H10 (2) H7 (2) H40 (6) H35 (6) H41 (6) H38 (6) H28 (5) H6 (2) H3 (1) H2 (1) H1 (1) H37 (6) H33 (5) H36 (6) H42 (6) H39 (6) H26 (4) H25 (4) H24 (4) H19 (4) H20 (4) H21 (4) H13 (3) H23 (4) H5 (1) H4 (1) H70 ( Table 2 ). Haplotype diversity and nucleotide diversity of the Sea of Japan group were 0.995 and 0.6%, respectively, with the latter being half that of the Pa ci fic Ocean group. AMOVA show ed that significant genetic variance (F ST = 0.535, p < 0.001) was distributed among collection localities of the Sea of Japan group (Table 2) ; however, SAMOVA analysis suggested that it contained no subgroups.
Historical demography
The mtDNA mismatch distribution of the Pacific Ocean group and the Sea of Japan group exhibited contrasting patterns (Fig. 4) . The overall distribution for the Pacific Ocean group was multimodal and had high mean differences (25.43), consistent with constant population size. Conver sely, the unimodal distribution and low mean differences (12.88) in dis t ribution for the Sea of Japan group was consistent with a sudden population expansion. Neither mismatch distribution yielded significant (p > 0.05) SSD or raggedness indices, and the suddenexpansion hy pothesis for the Sea of Japan group was also supported by a significantly negative value of Tajima's D (−2.14; p < 0.01).
The mismatch distributions of subgroups within the Pacific Ocean group differed from each other (Fig. 4) , al though a model of sudden expansion did fit all subgroups due to nonsignificant (p > 0.05) SSD and raggedness indices. Despite this, Subgroup I ap peared to be unimodal and had a low mean difference (10.43), consistent with sudden expansion. This observation was supported by the significantly negative value of Tajima's D (−2.14; p < 0.01). Subgroup II was either bimodal or multimodal and had a high mean number of differences (18.62), consistent with a constant population size. Subgroup III was clearly bimodal, consistent with the presence of distinct lineages. 
Sea of Japan group
Estimation of divergence time between Pacific Ocean and Sea of Japan lineages
The results of the 2-cluster tests are summarized in Table 3 , which indicated that the evolutionary rate of cyt b did not differ significantly between the Pacific Ocean and the Sea of Japan clades. On the other hand, the rate of ND2 differed significantly (p < 0.05) between them. The branch-length test also supported a relatively constant rate of evolution for all haplotypes in cyt b, but not in ND2. Given these results, we used only cyt b to estimate the divergence time between the Pacific Ocean and Sea of Japan lineages, which is shown in Table 4 . The evolutionary rate ranged from 1.5 to 61.0%, and the divergence time ranged from 0.06 to 2.46 MYA. The linearized tree of cyt b was almost the same as that of the concatenated cyt b + ND2 + tRNA; however, they differed in composition of the Pacific Ocean clade. Thus, we estimated TMRCA only for subclades a and c in the following discussion because their compositions were congruent.
DISCUSSION
Divergence between Pacific Ocean and Sea of Japan lineages
The phylogenetic trees and AMOVA of Chaenogobius annularis from mtDNA supported a primary division between the Pacific Ocean and Sea of Japan lineages. This pattern resulted from multiple isolation events of the Sea of Japan during Pleistocene glacial periods, as found for Pterogobius elapoides (Kojima et al. 1997) , Batillaria cumingi (Kojima et al. 2004) , and Leucopsarion petersii (Kokita & Nohara 2011) . We found sharp contrasts in genetic diversity and branching patterns of the phylogenetic trees between the Pacific Ocean and Sea of Japan groups. When a population is constant in size, each female is replaced on average by 1 female descendant in each generation; hence, the number of mtDNA lineages remains approximately constant over time (Avise et al. 1984 , Grant & Bowen 1998 , Di Rienzo & Wilson 1991 . In contrast, in an expanding population, each female is replaced by more than 1 female descendant, and the number of mtDNA lineages increases; thus, mutations have a higher probability of being retained in the population. In other words, the stochastic loss of lineages declines in an expanding population, and the frequency of new branch points (per unit time) in the tree increases (Avise et al. 1984 , Di Rienzo & Wilson 1991 , Grant & Bowen 1998 . Therefore, we conclude that the high genetic diversity and 'deep' branching pattern of the Pacific Ocean lineage elucidate a comparatively long evolutionary history, while the low genetic diversity and 'shallow' branching pattern of the Sea of Japan lineage reflect a sudden increase in the probability of survival of mtDNA lineages due to a burst of population growth, i.e. a sudden expansion. These scenarios are further supported by the mtDNA mismatch distributions and Tajima's D tests. Similar patterns of genetic diversity and branching in the phylogenetic tree of the Sea of Japan lineage of Chaenogobius annularis have been described in studies on other Japanese coastal marine species of Pacific Ocean and Sea of Japan lineages (Kojima et al. 2004 , Akihito et al. 2008 , Kokita & Nohara 2011 . Therefore, the Sea of Japan lineages of these species, including C. annularis, might have experienced a sudden expansion promoted by common environmental factors associated with paleoenvironmental events during the Pleistocene.
The Sea of Japan was nearly isolated from surrounding seas because of the closing of the Tsushima Straits due to a fall in sea level during glacial periods, with colder temperatures resulting from loss of the warm Tsushima Current, and lower salinity due to excess input of freshwater from rivers (Oba et al. 1991 , Tada 1994 , Gorbarenko & Southon 2000 . Therefore, the Sea of Japan was regarded to be a severe environment for marine warm-water species such as Chaenogobius annularis during these periods. On the other hand, during interglacial periods, with the inflow of the warm Tsushima Current (Kitamura et al. 2001 , Kitamura & Kimoto 2006 , the environment of the Sea of Japan was estimated to be much less severe during these periods. Therefore, it is likely that the sudden expansion of the Sea of Japan lineage was caused by a rise in sea level and the subsequent inflow of the Tsushima Current in interglacial periods. The impact of the Tsushima Current on the Sea of Japan lineage is indicated by the correspondence between the area where the current flows and the distribution of this lineage. In addition, several phylogeographic studies have indicated a sudden expansion in marine species abundances during the interglacial periods (Provan et al. 2005 , Hoarau et al. 2007 .
Therefore, we assumed that the TMRCA of the Sea of Japan lineage, which is considered the lower boundary for the expansion, corresponds to the time of maximum sea level in one of the late Pleistocene interglacial periods, and calculated the evolutionary rate and divergence time between the Pacific Ocean and the Sea of Japan lineages using cyt b. When we assumed that the TMRCA of the Sea of Japan lineage was 0.008 MYA, the evolutionary rate was estimated to be 61.0% per million years (MY). This rate is greatly overestimated in comparison with the estimated rates for fish cyt b between 0.8% per MY (Cantatore et al. 1994 ) and 2.8% per MY (Orti et al. 1994) . Therefore, this assumption is unlikely. On the other hand, the other 3 assumptions appear reasonable because the estimated evolutionary rates were close to the above rates. Among these assumptions, the assumption that the TMRCA of the Sea of Japan lineage was the Mindel-Riss interglacial (0.22 MYA) results in an estimation of 2.2% per MY. This rate is comparable to the prior estimates for Gymnogobius spp., a species related to Chaenogobius annularis, of 2.2 to 2.4% per MY (Harada et al. 2002) and 2.7% per MY (Sota et al. 2005) . Harada et al. (2002) calibrated the evolutionary rate assuming that G. isaza, an endemic species in Lake Biwa, Japan, which has an offshore life history in deep areas, originated when the lake became deepest, and Sota et al. (2005) calibrated the evolutionary rate assuming that the genetic divergence of the continental freshwater goby G. taranetzi and the Japanese G. castaneustaranetzi corresponds to the periods when the Tsushima Current began to flow into the Sea of Japan. These assumptions are reasonable, and these calibration points differ from ours. Thus, these evolutionary rates are plausible references for comparison. In addition, this TMRCA is close to that of the major Sea of Japan lineage of ice goby Leucopsarion peter-sii (0.29−0.23 MYA, Kokita & Nohara 2011) . Given an evolutionary rate of 2.2% per MY, the divergence time between the Pacific Ocean and the Sea of Japan lineages can be estimated to have occurred 1.7 MYA, during the early Pleistocene. Paleoenvironmental studies have suggested that 1.7 MYA was an important turning point for the Sea of Japan because the southern straits of the Sea of Japan opened on a large scale around this period (Kitamura et al. 2001 , Kitamura & Kimoto 2006 , and Kitamura (2010) suggested that the southern marine species started to enter the Sea of Japan 1.7 MYA through the southern straits. Thus it is a reasonable scenario that the ancestral C. annularis lineages dispersed through the strait, and following multiple isolation events of the Sea of Japan during the Pleistocene, resulted in a division of the 2 lineages. Because the evolutionary rate and the associated divergence time are consistent with previous genetic and paleoenvironmental studies, we posit that the sudden expansion of the Sea of Japan lineage linked to the Mindel-Riss interglacial period is more plausible than the others.
Formative history and distribution of the Pacific Ocean and Sea of Japan lineages
The divergence times estimated for other coastal marine species similarly divided into 2 lineages in these regions range from 0.9 MYA to 0.03 MYA (Leucopsarion petersii: 0.9−0.7 MYA, Kokita & Nohara 2011; Pterogobius elapoides: 0.05−0.03 MYA, Akihito et al. 2008; Pterogobius zonoleucus: 0.60−0.39 MYA, Akihito et al. 2008 ). This range is likely to reflect multiple isolation events in the Sea of Japan. On the other hand, the divergence time of Chaenogobius annularis is generally older than these times. Thus, C. annularis might be one of the early marine colonizers in the Sea of Japan. Persistence of the Sea of Japan lineage to the present time indicates that this lineage has survived for 1.7 MY despite repeated unfavorable climatic conditions of the Pleistocene ice ages.
This lineage is now distributed along the Japanese and Korean coasts facing the Sea of Japan and the Sanriku Coast up to Hachinohe (locality 19 in Fig. 1 ) in the Pacific Ocean. Because this distribution area corresponds to the range along which the Tsushima Current flows, the distribution area was likely formed by the inflow of the Tsushima Current in the interglacial period after 0.22 MYA. Because no subclades were supported by bootstrap analyses and no genetic structure was detected by SAMOVA within the Sea of Japan lineage, our results indicate that the lineage rapidly radiated and has maintained high gene flow.
In contrast to the Sea of Japan lineage, 5 well supported geologically discrete subclades within the Pacific Ocean clade indicate vicariance dating to after 0.30 MYA. This clear structure in the Pacific Ocean group likely indicates the low dispersal ability of Chaenogobius annularis, as noted in ecological studies on this species (Nakamura 1936 , Sasaki & Hattori 1969 . Three subgroups were supported by SAMOVA, whose boundaries are likely to be related to the sea level fall in glacial periods. The first geographic partition between Subgroups I and II was the surrounding Izu Peninsula. To the east and west of the Izu Peninsula are 2 deep bays, Suruga and Sagami, whose respective depths are approximately 2500 and 1500 m (Coastal Oceanography Research Committee 1985) . Their deep troughs run into closed-off sections, with narrow continental shelves that are very small in area and drop off suddenly, leaving little suitable habitat for this goby (Coastal Oceanography Research Committee 1985 , Matsuyama et al. 1993 , Katayama et al. 2008 . Therefore, the shallow coastal areas which were suitable for C. annularis likely disappeared from the above 2 bays due to the sea level fall in the Pleistocene glacial periods, resulting in vicariant separation. The surrounding Bungo Channel forms the boundary between Subgroups II and III, which likely was not a historical barrier. It has been estimated that drying up of the Seto Inland Sea resulted from a fall in sea level during the glacial periods, leading to the formation of 2 large rivers that flow into the Kii and Bungo Channels, respectively (Kaizuka et al. 1995) . Thus, the large rivers led to restricted gene flow in the Bungo Channel, leading to the differentiation between Subgroups II and III. However, we observed no evidence of restricted gene flow in the Kii Channel. Secondary contact between subpopulations that became separated by topographical changes in the area surrounding the Seto Inland Sea in glacial periods may have led to the coexistence of genetically divergent sub-lineages in several localities (Misaki, Iyo, Kamiura), as indicated by our TMRCA Subclade c (dated to 50 000 yr ago based on 2.2% per MY), corresponding to the last glacial periods.
Restricted gene flow among Pacific Ocean subgroups led to different demographic histories for each group. Results from Tajima's D-tests and mismatch distribution analysis suggested sudden expansion of Subgroup I, which may be related to the dynamics of the Kuroshio and Oyashio Currents. For example, Niimura et al. (2006) studied paleoenvironmental changes off the coast of Kashima, Ibaraki Prefecture (around locality 4 in Fig. 1 ), in the Pacific Ocean during the last 144 000 yr based on the planktonic foraminiferal assemblage. They hypothesized that sea temperatures 130 000 yr ago were 10°C colder than present due to the southward advance of the cool Oyashio Current, and became warmer from 120 000 to 69 000 yr ago due to the northward advance of the warm Kuroshio Current. The latter may have led to the sudden expansion of Subgroup I. In fact, it has been reported that Chaenogobius annularis does not inhabit the area northwest of Hokkaido (Matsuura & Shinohara 2006) where the force of the Oyashio Current is strong. The TMRCA (dated to 0.17 MYA based on 2.2% per MY) of Subclade a does not conflict with the above scenario very much.
The mismatch distribution for Subgroup II was bimodal or multimodal, indicating that this subgroup appears to have been stable for a long time. Thus, the physical and environmental conditions where Subgroup II is distributed might have been stable for Chaenogobius annularis due to the influence of the Kuroshio Current. The mismatch distribution of Subgroup III was clearly bimodal, so secondary contact of several sub-lineages was likely to occur in association with topographical changes in the area surrounding the Seto Inland Sea as mentioned above.
In other Japanese coastal marine species having discrete Pacific Ocean and Sea of Japan lineages, both lineages are often found to co-occur in boundary areas that separate them, for example, around the Seto Inland Sea and the Sanriku Coast (Kojima et al. 2004 , Kokita & Nohara 2011 . Kokita & Nohara (2011) showed that hybridization and introgression between 2 lineages of Leucopsarion petersii have occurred in the boundary areas. In contrast to such species, the geographic ranges of the Pacific Ocean and Sea of Japan lineages of Chaenogobius annularis do not overlap. However, if directional hybridization has occurred today and/or in Pleistocene interglacial periods, mtDNA markers cannot detect it absolutely due to its maternal inheritance (Lamb & Avise 1986 ). Thus, in future studies we must investigate the secondary contact zone by thorough sampling in the boundary areas, and verify whether hybridization has occurred based on nuclear markers. In addition, it is necessary to perform morphological analyses of the 2 groups of C. annularis, due to a lack of knowledge on morphological differences. Through such analyses, we would aim to assess whether isolation events in the Sea of Japan led to reproductive isolation and trait differentiation between the 2 geographical groups.
In conclusion, using a calibrated, rather than a universal, evolutionary rate based on the well-dated paleoenvironmental events in the Sea of Japan, we have been able to deduce a reasonably accurate evolutionary history of Chaenogobius annularis. Our phylo geographic study indicates that the cycles of vicariance and dispersal during the early to middle Pleistocene epoch resulted in the current distribution area and genetic structure of C. annularis. This study contributes to understanding the role that paleoenvironmental events around the Japanese Archipelago have played in the distribution of coastal marine species. 
